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Genetic variations in DNA repair genes are thought to modulate DNA repair capacity and are suggested to be 
related to cancer risk. However, epidemiologic findings have been inconsistent. The authors conducted meta-
analyses of associations between genes in the base excision repair pathway and cancer risk, focusing on three key 
genes: 8-oxoguanine DNA glycosylase (OGG1), apurinic/apyrimidinic endonuclease (APE1/APEX1), and x-ray 
repair cross-complementing group 1 (XRCC1). They found increased lung cancer risk among subjects carrying the 
OGG1 Cys/Cys genotype (odds ratio (OR) ¼ 1.24, 95% confidence interval (CI): 1.01, 1.53), using 3,253 cases and 
3,371 controls from seven studies; this is consistent with experimental evidence that this isoform exhibits de-
creased activity. They found a protective effect of the XRCC1 194Trp allele for tobacco-related cancers (OR ¼
0.86, 95% CI: 0.77, 0.95), using 4,895 cases and 5,977 controls from 16 studies; this is compatible with evidence of 
lower mutagen sensitivity for this allele. The XRCC1 399Gln/399Gln genotype was associated with increased risk 
of tobacco-related cancers among light smokers (OR ¼ 1.38, 95% CI: 0.99, 1.94) but decreased risk among heavy 
smokers (OR ¼ 0.71, 95% CI: 0.51, 0.99), suggesting effect modification by tobacco smoking. There was no 
association between cancer risk and the APE1/APEX1 Asp148Glu and XRCC1 Arg280His polymorphisms. Rec-
ommendations for future studies include pooling of individual data to facilitate evaluation of multigenic effects and 
detailed analysis of effect modification by environmental exposure. 

apurinic/apyrimidinic endonuclease; DNA repair; meta-analysis; neoplasms; 8-oxoguanine DNA glycosylase, 
human; polymorphism, genetic; XRCC1 protein 

Abbreviations: APE1/APEX1, apurinic/apyrimidinic endonuclease; CI, confidence interval; dbSNP, Database of Single 
Nucleotide Polymorphisms; OGG1, 8-oxoguanine DNA glycosylase; OR, odds ratio; XRCC1, x-ray repair cross-complementing 
group 1. 

Editor’s note: This paper is also available on the website 
of the Human Genome Epidemiology Network (http:// 
www.cdc.gov/genomics/hugenet/). 

There is growing evidence that genetic predisposition to 
cancer acts via a combination of high-risk variants in a set of 
low- and medium-penetrance genes rather than a few high­
penetrance genes. Recent genetic association studies on can­

cer risk have focused on identifying effects of single nucle­
otide polymorphisms in candidate genes, among which DNA 
repair genes are increasingly studied because of their critical 
role in maintaining genome integrity. The base excision re­
pair pathway is one DNA repair pathway which removes 
various forms of base damage via a number of coordinated 
sequential reactions that detect and process the damage (1). 
Mammalian cells contain 11 different glycosylases, each 
with a specialized function, as reviewed by Barnes and 
Lindahl (2). In the first step, a DNA glycosylase, such as 
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FIGURE 1. Diagram of the short-patch and long-patch base excision repair pathways. The damaged base (G¤) is recognized by a DNA 
glycosylase that hydrolytically cleaves the base-deoxyribose glycosyl bond of the damaged nucleotide residue, generating an apurinic/apyrimidinic 
(AP) site. The apurinic/apyrimidinic endonuclease (APE1) then cleaves the sugar-phosphate chain on the 5# side of the abasic site and recruits 
polymerase b (Polb), which adds one nucleotide to the 3# end of the nick. In the major pathway, the 5#-teminal deoxyribose-phosphate residue is 
excised by the lyase activity of polymerase b. Polymerase b also interacts with x-ray repair cross-complementing group 1 (XRCC1) present in 
a heterodimer with DNA ligase III. Consequently, XRCC1 acts as a scaffold protein by bringing the polymerase and the ligase together at the site of 
repair. This XRCC1-ligase III heterodimer completes the repair process, generating a single nucleotide repair patch (short-patch base excision 
repair). In cases where the terminal sugar-phosphate residue has a more complex structure which is resistant to cleavage by the apurinic/ 
apyrimidinic lyase activity of polymerase b, a few more nucleotides are added to the 3# end by polymerase d/e (Pold/e), generating a flap containing 
the 5#-sugar phosphate. This switches the repair to the long-patch base excision repair subpathway, where the flap is removed by flap 
endonuclease 1 (FEN1), with proliferating cell nuclear antigen (PCNA) stimulating these reactions and acting as a scaffold protein in a manner 
similar to that of XRCC1 in the main pathway. DNA ligase I then completes this longer-patch form of repair. RF-C, replication factor C. (Modified 
from references 2, 4, and 12). 

8-oxoguanine DNA glycosylase (OGG1), initiates this pro­
cess by releasing the modified base, which generates an apur-
inic/apyrimidinic site. Some glycosylases (the bifunctional 
glycosylases) have an associated apurinic/apyrimidinic lyase 
activity and further catalyze the cleavage of the sugar­
phosphate chain and excision of the abasic residue, leaving 
a single nucleotide gap. This gap is filled by DNA polymer­
ase b, and the nick is sealed by the DNA ligase III/x-ray re-
pair cross-complementing group 1 (XRCC1) complex. Certain 
glycosylases (the monofunctional DNA glycosylases) have 
no associated lyase activity. When such enzymes initiate 
repair, the phosphodiester bond at the 5# side of the intact 
apurinic/apyrimidinic site is incised by apurinic/apyrimidinic 
endonuclease (APE1/APEX1). DNA polymerase b, DNA  
ligase III, and XRCC1 complete the repair process. The 
net result is the replacement of a single nucleotide; this is 
called short-patch base excision repair (1–5). A subpathway 

of base excision repair, the long-patch repair—which ap­
pears to play a crucial role in processing oxidized or reduced 
apurinic/apyrimidinic sites that are resistant to the apurinic/ 
apyrimidinic lyase activity of DNA polymerase b—results 
in the replacement of several nucleotides (1–5). These path­
ways are illustrated in figure 1. 

Sequence variants in DNA repair genes are thought to 
modulate DNA repair capacity and consequently are sug­
gested to be associated with altered cancer risk (6). However, 
results from epidemiologic studies have been inconsistent, 
possibly because of 1) low statistical power for detecting 
a moderate effect, 2) false-positive results, 3) heterogeneity 
across study populations, 4) failure to consider effect modi­
fiers such as environmental exposures, and 5) publication 
bias. Reliable knowledge of which sequence variants influ­
ence cancer risk may help in identifying persons at high risk 
of developing cancer and shed light on cancer etiology. 
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TABLE 1. Study characteristics and genotype prevalences from published studies on the relation of the 8-oxoguanine DNA glycosylase (OGG1) Ser326Cys polymorphism and 
the apurinic/apyrimidinic endonuclease (APE1/APEX1) Asp148Glu polymorphism to cancer risk 
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Genotype 2/2 Hardy-
Cancer site Ethnicity of No. of No. of Source of Genotype 1/2 

First author Year Ref. no. Country Matching (rare-allele Weinberg
or type subjects cases controls controls (heterozygotes) 

homozygotes) p value* 

OGG1 Ser326Cys 

Lung Sugimura 1999 50 Japan Asian 241 197 Hospital No 54.3 13.7 0.08 

Ito 2002 51 Japan Asian 138 240 Hospital No information 49.2 22.5 0.84 
available 

Sunaga 2002 52 Japan Asian 198 152 Hospital No 43.4 23.7 0.13 

Lan 2004 53 China Asian 118 109 Population Frequency 39.4 13.8 0.23 

Le Marchand 2002 54 Hawaii Japanese, 298 405 Population Frequency 43.2 13.1 0.35 
Caucasian, 
Hawaiian 

Park 2004 37 United States Caucasian, 179 350 Screening Individual 24.9 2.3 0.86 

Wikman 2000 55 Germany 

UEMy

Caucasian 105 105 Hospital Frequency 41.0 1.9 0.07 

Hung 2005 56 Europe Caucasian, 2,155 2,163 Hospital Frequency 33.1 3.7 0.22 
UEM 

Upper aerodigestive 
tract Xing 2001 39 China Asian 196 201 Hospital healthy Frequency 52.7 13.4 0.15 

Cho 2003 57 Taiwan Asian 333 283 Community Frequency 45.6 38.2 0.48 

Hao 2004 58 China Asian 419 480 Population Frequency 45.0 16.5 0.24 

Elahi 2002 38 United States Caucasian 167 331 Hospital healthy Frequency 23.0 1.8 0.94 

Zhang 2004 59 United States Caucasian, 706 1,196 Hospital healthy Frequency 32.4 5.8 0.06 
UEM 

Colon Kim 2003 60 Korea Asian 125 247 Hospital healthy Frequency 53.0 25.9 0.32 

Stomach Takezaki 2002 26 China Asian 101 198 Population Frequency 60.6 24.2 <0.01 

Hanaoka 2001 25 Brazil Asian 58 127 Hospital Individual 44.1 21.3 0.25 

Hanaoka 2001 25 Brazil Non-Japanese 208 205 Hospital Individual 36.1 3.9 0.44 
Brazilian 

Breast Choi 2003 61 Korea, Japan Asian 466 468 Hospital No 52.1 24.1 0.36 

Vogel 2003 62 Denmark Caucasian 425 434 Population Individual 38.9 4.6 0.18 

Sporadic prostate 
cancer Xu 2002 63 United States Caucasian 199 174 Hospital healthy No 36.2 8.6 0.32 

Hereditary prostate 
cancer Xu 2002 63 United States Caucasian 99 174 Hospital healthy No 36.2 8.6 0.32 

Basal cell Vogel 2004 64 Denmark Caucasian 319 319 Population Individual 39.2 8.5 0.60 

APE1/APEX1 Asp148Glu 

Lung Ito 2004 65 Japan Asian 178 449 Hospital Frequency 50.3 14.3 0.25 

Misra 2003 66 Finland Caucasian 310 302 Population Individual 53.0 25.5 0.29 

Popanda 2004 67 Germany Caucasian 459 457 Hospital No 51.0 23.2 0.66 

Upper aerodigestive 
tract Hao 2004 58 China Asian 409 478 Population Frequency 49.0 19.9 0.86 

* p value for Hardy-Weinberg equilibrium in the control group. 
y UEM, unspecified ethnic minorities. 



TABLE 2. Study characteristics and genotype prevalences from published studies on the relation of the x-ray repair cross-complementing group 1 (XRCC1) Arg194Trp and 
Arg280His polymorphisms to cancer risk 

Cancer site 
or type 

First author Year Ref. no. Country 
Ethnicity of 
subjects 

No. of 
cases 

No. of 
controls 

Source of 
controls 

Matching 
Genotype 1/2 
(heterozygotes) 

Genotype 2/2 
(rare-allele 

homozygotes) 

Hardy-
Weinberg 
p value* 

XRCC1 Arg194Trp 

Lung Ratnasinghe 2001 68 China Asian 108 216 Population Individual 48.1 9.7 0.26 

Chen 2002 69 China Asian 109 109 Population Individual 36.7 4.6 0.69 

David-Beabes 2001 23 United States African-American 154 243 Population Frequency 14.8 0.8 0.76 

David-Beabes 2001 23 United States Caucasian 180 461 Population Frequency 11.7 0.0 0.18 

Hung 2005 56 Europe Caucasian, UEMy 2,147 2,132 Hospital Frequency 13.7 0.6 0.93 

Upper aerodigestive 
tract Lee 2001 70 Taiwan Asian 105 264 Hospital Frequency 45.5 7.2 0.17 

Xing 2002 71 China Asian 433 524 Population Frequency 43.5 7.1 0.16 

Yu 2004 41 China Asian 135 152 Check up Frequency 39.5 2.6 0.09 

Hao 2004 58 China Asian 411 478 Population Frequency 43.7 7.9 0.33 

Sturgis 1999 72 United States Caucasian, UEM 203 424 Hospital Frequency 14.4 0.0 0.11 

Olshan 2002 73 United States Caucasian 98 161 Hospital Frequency 16.1 0.0 0.27 

Varzim 2003 74 Portugal Caucasian 88 178 Blood donor No 10.1 0.0 0.48 

Bladder Stern 2001 28 United States Caucasian, UEM 232 210 Hospital Frequency 17.6 0.0 0.16 

Colorectum Abdel-Rahman 2000 75 Egypt African 48 48 Friend Individual 10.4 0.0 0.70 

Stomach Shen 2000 76 China Asian 188 166 Population Frequency 46.4 11.4 0.75 

Lee 2002 77 Korea Asian 190 172 Hospital Frequency 50.0 8.1 0.09 

Prostate van Gils 2002 78 United States Caucasian, 76 182 Population Frequency 15.4 1.1 0.58 
African-American 

Breast Duell 2001 24 United States African-American 155 160 Population Frequency 12.5 0.0 0.40 

Duell 2001 24 United States Caucasian 233 221 Population Frequency 13.1 0.9 0.45 

Han 2003 79 United States Caucasian 998 1,369 Population Frequency 12.9 0.2 0.18 

Smith 2003 80 United States Caucasian 114 230 Clinic No information 15.7 0.4 0.62 
available 

Smith 2003 81 United States Caucasian 246 266 Hospital healthy Frequency 8.6 0.4 0.57 

Moullan 2003 82 France Caucasian 254 312 Blood donor No 13.1 0.3 0.67 

Forsti 2004 83 Finland/Poland Caucasian 223 298 Blood donor Frequency 5.4 0.0 0.63 

Deligezer 2004 84 Turkey Turkish 151 133 Healthy No information 10.5 0 0.52 
available 

Kim 2002 32 Korea Asian 205 205 Hospital Individual 42.0 13.2 0.34 

Chacko 2005 40 India Asian 123 123 Hospital Individual 18.7 3.3 0.09 

Acute myeloid 
leukemia Seedhouse 2002 27 Finland Caucasian 114 87 No information No 8.0 2.3 <0.01 

available 

Skin Winsey 2000 31 United Kingdom Caucasian 125 211 Hospital healthy No 17.1 0.0 0.18 
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Base Excision Repair Polymorphisms and Cancer Risk 5 

Therefore, we conducted a systematic Human Genome Epi­
demiology review on associations between genes in the base 
excision repair pathway and cancer risk, focusing on genes 
encoding three key enzymes in this repair pathway: OGG1, 
APE1/APEX1, and the XRCC1 protein. 

GENES AND GENE VARIANTS 

8-Oxoguanine DNA glycosylase 

The OGG1 gene is located on chromosome 3p26.2, a 
region that frequently shows loss of heterozygosity in sev­
eral human cancers (7, 8). It consists of seven exons and 
six introns and encodes a 345 amino acid, a bifunctional 
glycosylase. 

OGG1 repairs one of the most mutagenic lesions among 
base damages, 8-oxoguanine, also called 8-hydroxyguanine 
when present in DNA in its alternative tautomeric form. 
8-Oxoguanine is able to base-pair with adenine and cause 
G:C/T:A transversions in repair-deficient bacteria and 
yeast (7). At least 20 validated sequence variants have been 
described to date in Internet databases. Among those, a 
C/G sequence variant leading to an amino acid change 
from serine to cysteine at codon 326 (Ser326Cys; Database 
of Single Nucleotide Polymorphisms (dbSNP) no. rs1052133) 
has been studied most frequently. Several in vivo or in vitro 
studies have examined the association between OGG1 ge­
notypes and enzyme activity, though the results have been 
inconsistent, as reviewed by Weiss et al. (9). Although no 
association was found between OGG1 genotypes and the en­
zyme activity of OGG1 in two studies (10, 11), Kohno et al. 
(8) found, by using a complementation assay of an Esch­
erichia coli mutant defective in the repair of 8-oxoguanine, 
that 326Ser-containing OGG1 has a sevenfold higher ac­
tivity for repairing 8-oxoguanine than 326Cys-containing 
OGG1. 

Apurinic/apyrimidinic endonuclease 

The gene encoding APE1 (also known as APEX1, HAP1, 
or REF1) is located on chromosome 14q11.2–q12 and en­
codes a 317 amino acid protein. It processes the abasic sites 
left from the incision of the damaged base by cleaving the 
DNA backbone at the 5# side to the abasic site, leaving a 3#-
hydroxyl group and a 5#-deoxyribose phosphate group 
flanking the nucleotide gap (5, 12, 13). APE1 also processes 
other 3# DNA termini that impede further gap filling or 
religation, allowing repair to be completed; thus, it is an 
essential protein playing a pivotal role in the processing of 
abasic sites. Attempts to create Ape1-null mice have dem­
onstrated an early embryonic lethality. Several sequence 
variants were identified in this gene, including a G/T 
change in exon 5 leading to an amino acid change from 
aspartic acid to glutamic acid (Asp148Glu; dbSNP no. 
rs3136820), a C/G change in exon 3 leading to an amino 
acid change from glutamic acid to histidine (Gln51His; 
dbSNP no. rs1048945), and an A/G substitution resulting 
in an amino acid change from isoleucine to valine in exon 
64 (Ile64Val; dbSNP no. rs2307486). While the impact of 
the Gln51His and Ile64Val variants on enzyme function 

Am J Epidemiol 2005;162:1–18 
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TABLE 3. Study characteristics and genotype prevalences from published studies on the relation of the x-ray repair cross-complementing group 1 (XRCC1) Arg399Gln 
polymorphism to cancer risk 

Cancer site 
or type 

First author Year Ref. no. Country 
Ethnicity of 
subjects 

No. of 
cases 

No. of 
controls 

Source of 
controls 

Matching 
Genotype 1/2 
(heterozygotes) 

Genotype 2/2 
(rare-allele 

homozygotes) 

Hardy-
Weinberg 
p value* 

Lung Ratnasinghe 2001 68 China Asian 107 208 Population Individual 38.5 5.3 0.57 

Chen 2002 69 China Asian 109 109 Population Individual 36.7 6.4 0.87 

Park 2002 85 Korea Asian 192 135 Hospital healthy Frequency 35.6 4.4 0.74 

Ito 2004 65 Japan Asian 178 449 Hospital Frequency 37.6 5.8 0.76 

Zhang 2005 86 China Asian 1,000 1,000 Hospital Frequency 38.0 8.9 0.08 

David-Beabes 2001 23 United States African-American 154 243 Population Frequency 28.8 3.7 0.65 

David-Beabes 2001 23 United States Caucasian 180 461 Population Frequency 47.1 12.6 0.67 

Divine 2001 87 United States Caucasian, 172 143 Hospital No 44.8 9.8 0.76 
Hispanic 

Zhou 2003 88 United States Caucasian 1,091 1,240 Hospital healthy No 44.0 11.5 0.66 

Harms 2004 89 United States Caucasian 110 119 Cancer-free Frequency 46.2 6.7 0.26 

Misra 2003 66 Finland Caucasian 315 313 Population Individual 41.5 9.3 0.84 

Popanda 2004 67 Germany Caucasian 463 460 Hospital No 48.3 14.6 0.71 

Upper aerodigestive 

Hung 2005 56 Europe Caucasian, UEMy 2,049 2,015 Hospital Frequency 43.7 12.9 0.11 

tract Lee 2001 70 Taiwan Asian 105 264 Hospital healthy Frequency 40.9 9.1 0.78 

Xing 2002 71 China Asian 433 524 Population Frequency 37.4 9.4 0.09 

Cho 2003 57 Taiwan Asian 334 282 Community Frequency 38.7 7.4 0.81 

Yu 2004 41 China Asian 135 152 Check up Frequency 38.8 3.3 0.19 

Hao 2004 58 China Asian 411 479 Population Frequency 41.1 6.9 0.48 

Sturgis 1999 72 United States Caucasian, UEM 203 424 Hospital Frequency 46.5 10.8 0.48 

Olshan 2002 73 United States Caucasian 98 161 Hospital Frequency 50.9 10.6 0.18 

Varzim 2003 74 Portugal Caucasian 88 178 Hospital healthy No 44.9 10.1 0.76 

Bladder Stern 2001 28 United States Caucasian, UEM 233 210 Hospital Frequency 45.7 12.4 0.98 

Kelsey 2004 29 United States Caucasian, UEM 355 544 Population Frequency 42.3 15.8 0.03 

Matullo 2001 42 Italy Caucasian 124 84 Hospital No 48.8 14.3 0.79 

Shen 2003 90 Italy Caucasian 201 214 Hospital Frequency 45.8 11.2 0.78 

Sanyal 2004 91 Sweden Caucasian 311 246 No information Frequency 44.7 9.3 0.61 
available 

Colorectum Abdel-Rahman 2000 75 Egypt African 48 48 Friend Individual 18.8 4.1 0.17 

Yeh 2005 92 Taiwan Asian 776 736 Hospital Frequency 39.5 7.3 0.99 

Stomach Shen 2000 76 China Asian 188 166 Population Frequency 35.5 7.8 0.39 

Lee 2002 77 Korea Asian 190 172 Hospital Frequency 34.3 5.2 0.87 

Liver Yu 2003 93 Taiwan Asian 577 389 Hospital Frequency 36.8 7.2 0.50 

Pancreas Duell 2002 30 United States Caucasian, UEM 293 919 Population Frequency 39.7 11.1 0.03 

Breast Duell 2001 24 United States African-American 253 266 Population Frequency 24.1 1.5 0.65 

Duell 2001 24 United States Caucasian 386 381 Population Frequency 41.5 15.5 0.05 

Han 2003 79 United States Caucasian 986 1,337 Population Frequency 46.1 13.2 0.93 
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Base Excision Repair Polymorphisms and Cancer Risk 7 

has not yet been elucidated, it has been suggested that 
Asp148Glu may be associated with hypersensitivity to ion­
izing radiation (14). 

X-ray repair cross-complementing group 1 

The XRCC1 protein is essential for mammalian viability. 
XRCC1 deficiency in mice results in embryonic lethality, 
and XRCC1 is required for the efficient repair of single­
strand breaks and damaged bases in DNA. XRCC1 has no 
known enzymatic activity, and it is thought to act as a scaf­
fold protein for both single-strand break repair and base 
excision repair activities (4). XRCC1 has been shown to 
physically interact with DNA polymerase b, polyadenosine 
diphosphate-ribose polymerases 1 and 2, APE1/APEX1, 
OGG1, and proliferating cell nuclear antigen. Its absence 
leads to a substantial reduction in the levels of its partner 
ligase III (15–17). The gene is located on chromosome 
19q13.2; it consists of 17 exons and encodes a protein of 
633 amino acids (4). More than 60 validated single nucleo­
tide polymorphisms in XRCC1 are listed in the Ensembl 
database, among which approximately 30 variants are lo­
cated in exons or promoter regions. The most extensively 
studied single nucleotide polymorphisms are Arg194Trp on 
exon 6 (dbSNP no. rs1799782), Arg280His on exon 9 
(dbSNP no. rs25489), and Arg399Gln on exon 10 (dbSNP 
no. rs25487). The Arg194Trp variant has been shown to be 
associated with lower bleomycin and benzo(a)pyrene diol 
epoxide sensitivity in vitro (18). The functional significance 
of Arg280His is not yet well-established; however, the 
280His is located in the proliferating cell nuclear antigen­
binding region and was suggested in a small study (n ¼ 80) 
to be associated with higher bleomycin sensitivity (16, 19). 
The 399Gln allele is located at the carboxylic acid terminal 
side of the polyadenosine diphosphate-ribose polymerase­
interacting domain. It was shown to be associated with 
higher levels of aflatoxin B1-DNA adducts and higher bleo­
mycin sensitivity in several studies (18, 20, 21), while an­
other study did not find such an association (22). 

Reliable knowledge on which base excision repair se­
quence variants are associated with cancer risk would help 
to elucidate the disease mechanism. Given that most of the 
previous studies had inadequate statistical power, we have 
conducted a systematic review on sequence variants in these 
three key players in this repair pathway. 

Prevalence of gene variants 

To estimate the prevalence of XRCC1, OGG1, and APE1/ 
APEX1 variants and their associated cancer risk, we con­
ducted MEDLINE searches for case-control studies pub­
lished up to February 1, 2005, on the associations between 
these genes and cancer risk. When more than one article was 
identified for the same study population, we included the 
most recent publication. When one publication reported re­
sults from more than one population, with an indication that 
different populations were recruited separately, we consid­
ered them to be separate study populations (23–25). Cancers 
studied included lung, upper aerodigestive tract (Inter­
national Classification of Diseases for Oncology codes 
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TABLE 4. Summary odds ratios for the relation of the 8-oxoguanine DNA glycosylase (OGG1) Ser326Cys 
polymorphism to cancer risk 

Stratifying factor and genotype 
No. of 
studies* 

Odds ratio 
95% confidence 

interval 
Heterogeneity 

p value 
Egger’s test 

p value 

Cancer site or type 

Lungy 

Ser/Cys 7 0.99 0.81, 1.22 0.06 0.39 

Cys/Cys 7 1.24 1.01, 1.53 0.38 0.71 

Cys/Cys vs. others 7 1.23 0.96, 1.57 0.14 0.72 

Upper aerodigestive tractz 

Ser/Cys 3 1.09 0.82, 1.45 0.08 0.20 

Cys/Cys 3 1.15 0.90, 1.46 0.47 0.56 

Cys/Cys vs. others 3 1.02 0.83, 1.25 0.62 0.95 

Stomach 

Ser/Cys 3 0.88 0.68, 1.14 0.59 0.81 

Cys/Cys 3 0.75 0.47, 1.17 0.80 0.18 

Cys/Cys vs. others 3 0.79 0.53, 1.16 0.78 0.62 

Tobacco-related cancers§ 

Ser/Cys 13 0.99 0.87, 1.12 0.08 0.20 

Cys/Cys 13 1.14 0.99, 1.33 0.41 0.65 

Cys/Cys vs. others 13 1.09 0.93, 1.27 0.18 0.95 

Tobacco smoking§,{ 

Never smokers 

Ser/Cys 3 1.23 0.86, 1.74 0.30 0.25 

Cys/Cys 3 1.14 0.58, 2.22 0.14 0.23 

Cys/Cys vs. others# 3 0.67 0.41, 1.09 0.37 0.86 

Ever smokers 

Ser/Cys 3 0.88 0.76, 1.01 0.71 0.78 

Cys/Cys 3 1.11 0.81, 1.52 0.62 0.29 

Cys/Cys vs. others 4 1.06 0.81, 1.40 0.54 0.08 

Interaction odds ratio 
(case-case) 

Ser/Cys 3 0.85 0.64, 1.14 0.58 0.75 

Cys/Cys 3 0.83 0.37, 1.84 0.06 0.08 

Cys/Cys vs. others# 3 1.32 0.80, 2.21 0.51 0.21 

* The number of studies may differ in each stratum, depending on the amount of information provided in the 
published articles. 

y The study by Park et al. (37) (the study contributing the most heterogeneity) was excluded. 
z The study by Elahi et al. (38) (the study with the largest variance) was excluded because of publication bias 

(Egger’s test: p ¼ 0.03). The study by Xing et al. (39) (the study contributing the most heterogeneity) was excluded 
because of high heterogeneity (p < 0.01). 

§ Tobacco-related cancers included cancers of the lung, upper aerodigestive tract, bladder, stomach, liver, and 
pancreas, as well as myeloid leukemia (34). The studies by Park et al. (37), Elahi et al. (38), and Xing et al. (39) were 
excluded. 

{ Tobacco-related cancers only.

# The study by Hung et al. (56) was further excluded because of high heterogeneity.


140–150 and 161), colorectal, bladder, liver, pancreas, pros- Weinberg equilibrium for the control group in each study. 
tate, breast, skin, and hematologic malignancies. Characteristics of individual studies are summarized in 

For each publication, we extracted information on the tables 1–3, presented by gene and type of cancer. In total, 
publication year, cancer site, control source, country, num­ 22 studies were included for OGG1 Ser326Cys, four studies 
bers of cases and controls, matching type and factors, ethnic for APE1/APEX1 Asp148Glu, 29 studies for XRCC1 
composition of the population, and genotype frequency for Arg194Trp, 11 studies for XRCC1 Arg280His, and 50 stud­
the reported locus. We assessed departure from Hardy­ ies for XRCC1 Arg399Gln. 

Am J Epidemiol 2005;162:1–18 
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TABLE 5. Summary odds ratios for the relation of the x-ray repair cross-complementing group 1 (XRCC1) 
Arg194Trp polymorphism to cancer risk 

No. of 95% confidence Heterogeneity Egger’s test 
Stratifying factor and genotype Odds ratio 

studies* interval p value p value 

Cancer site or type 

Lung 

Arg/Trp 5 0.85 0.64, 1.12 0.12 0.98 

Trp/Trp 4 1.05 0.58, 1.91 0.28 0.31 

Arg/Trp or Trp/Trp 5 0.86 0.65, 1.13 0.09 0.97 

Upper aerodigestive tract 

Arg/Trp 7 0.87 0.74, 1.02 1.00 0.86 

Trp/Trp 4 1.26 0.78, 2.06 0.13 0.31 

Arg/Trp or Trp/Trp 7 0.93 0.81, 1.08 0.96 0.29 

Tobacco-related cancersy 

Arg/Trp 16 0.83 0.75, 0.92 0.65 0.37 

Trp/Trp 10 1.05 0.75, 1.47 0.09 0.28 

Arg/Trp or Trp/Trp 16 0.86 0.77, 0.95 0.40 0.44 

Breastz 

Arg/Trp 9 0.94 0.77, 1.15 0.22 0.87 

Trp/Trp 5 1.07 0.64, 1.84 0.69 0.13 

Arg/Trp or Trp/Trp 9 0.95 0.78, 1.16 0.20 0.79 

Tobacco smoking 
(Arg/Trp or Trp/Trp)§ 

Never 5 1.01 0.68, 1.50 0.52 0.73 

Ever 5 0.77 0.58, 1.01 0.20 0.48 

Light{ 4 0.76 0.43, 1.33 0.07 0.99 

Heavy{ 4 0.71 0.46, 1.10 0.21 0.49 

Interaction odds ratio 
(case-case) 5 0.80 0.56, 1.16 0.38 0.96 

Age of onset 
(Arg/Trp or Trp/Trp) 

Young{ 3 0.74 0.28, 1.92 0.10 0.97 

Old{ 3 0.92 0.77, 1.11 0.60 0.47 

* The number of studies may differ in each stratum, depending on the amount of information provided in the 
published articles. 

y Tobacco-related cancers included cancers of the lung, upper aerodigestive tract, bladder, stomach, liver, and 
pancreas, as well as myeloid leukemia (34).


z The study by Chacko et al. (40) (the study contributing the most heterogeneity) was excluded.

§ Tobacco-related cancers only.

{ Defined differently in different studies.


The OGG1 Ser326Cys polymorphism is slightly more 
prevalent among Asians (39.4–60.6 percent carry the het­
erozygous variant; 13.4–38.2 percent carry the homozygous 
variant) than among persons of European descent (hereafter 
called Caucasians) (23.0–41.0 percent heterozygotes, 1.8– 

than among Caucasians (5.4–17.6 percent heterozygous, 
�2.3 percent homozygous). The genotype distributions in 
the control groups were under Hardy-Weinberg equilibrium 
in all studies, except for one small study conducted in 
Finland (27). The genotype frequency of Arg280His was 

8.6 percent homozygotes). The genotype distributions in 6.3–26.0 percent for the heterozygous variant and �1.6 per­
the control groups were under Hardy-Weinberg equilibrium cent for the homozygous variant, with no apparent ethnic dif­
in all studies, except for one Chinese study (26). The prev- ferences. The genotype distributions in the control groups 
alences of APE1/APEX1 Asp148Glu heterozygosity and were under Hardy-Weinberg equilibrium in all studies, ex­
homozygosity ranged from 49 percent to 53 percent and cept for one bladder cancer study conducted in the United 
from 14.3 percent to 25.5 percent, respectively. The XRCC1 States (28). XRCC1 Arg399Gln was the most common se­
Arg194Trp polymorphism also appeared to be more preva- quence variant among the three XRCC1 polymorphisms 
lent among Asians (18.7–50.0 percent carried the heterozy- studied, and there was no major variation by ethnicity. Geno­
gous variant and 2.6–13.2 percent the homozygous variant) type distributions in the control groups were not under 

Am J Epidemiol 2005;162:1–18 
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Ratnasinghe et al., 
2001 (68)

David-Beabes et al., 
2001 (23)a 

David-Beabes et al., 
2001 (23)b 

Chen et al., 2002 (69) 

Hung et al., 2005 (56) 

Sturgis et al., 1999 (72) 

Lee et al., 2001 (70) 

Xing et al., 2002 (71) 

Olshan et al., 2002 (73) 

Varzim et al., 2003 (74) 

Yu et al., 2004 (41) 

Hao et al., 2004 (58) 

Stern et al., 2001 (28) 

Shen et al., 2000 (76) 

Lee et al., 2002 (77) 
Seedhouse et al., 

2002 (27) 

Combined 

0.5 1.0 1.5 
Odds Ratio (plotted on a log scale) 

FIGURE 2. Odds ratios for the relation between the x-ray repair cross-complementing group 1 (XRCC1) Arg194Trp polymorphism (Arg/Trp and 
Trp/Trp vs. Arg/Arg) and risk of tobacco-related cancer among all subjects. For each study, the odds ratio estimate is plotted with a box; the area of 
each box is inversely proportional to the variance of the estimated effect. Diamond, summary odds ratio; horizontal lines, 95% confidence interval. 
Reference (23)a corresponds to the African-American component in the study by David-Beabes et al. (23); reference (23)b corresponds to the 
Caucasian component. 

Hardy-Weinberg equilibrium in several studies, including 
three US studies (24, 29, 30), one United Kingdom study 
(31), and two Asian studies (32, 33). 

ASSOCIATIONS AND INTERACTIONS 

To estimate the association between the base excision 
repair genetic variants and cancer risk, we conducted 
a meta-analysis of identified studies. We calculated the 
crude odds ratio and 95 percent confidence interval for each 
study whenever possible. The meta-analysis was performed 
on crude odds ratios, since the adjusted odds ratios were not 

comparable because of different covariates’ being included 
in the multivariate regression models. Using persons with 
the homozygous common allele as the reference group, we 
calculated odds ratios for persons with the heterozygous and 
homozygous variants separately whenever possible (infor­
mation available in at least three studies). Summary odds 
ratios were calculated for each cancer site separately and for 
tobacco-related cancers combined. Tobacco-related cancers 
included cancers of the lung, upper aerodigestive tract, blad­
der, stomach, liver, and pancreas, as well as myeloid leuke­
mia (34). We aimed to investigate the effect modifications of 
tobacco exposures and age of onset. When the published 

TABLE 6. Summary odds ratios for the relation of the x-ray repair cross-complementing group 1 (XRCC1) 
Arg280His polymorphism (Arg/His or His/His) to cancer risk 

Cancer site or type 
No. of 
studies 

Odds ratio 
95% confidence 

interval 
Heterogeneity 

p value 
Egger’s test 

p value 

Lung 3 1.10 0.84, 1.43 0.22 0.13 

Upper aerodigestive tract 3 0.87 0.59, 1.28 0.07 0.43 

Tobacco-related cancers* 8 1.03 0.84, 1.26 0.07 0.22 

* Tobacco-related cancers included cancers of the lung, upper aerodigestive tract, bladder, stomach, liver, and 
pancreas, as well as myeloid leukemia (34). 

Am J Epidemiol 2005;162:1–18 
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data permitted, odds ratios were calculated for various cat­
egories of smoking (never, ever, former, current, light, and 
heavy smoking; defined differently in different studies) and 
different ages of onset (young and old persons; defined dif­
ferently in different studies). Effect modification of tobacco 
smoking was evaluated for tobacco-related cancers only. 
Interaction odds ratios for smoking and age of onset were 
calculated using the case-only design. 

The summary odds ratios were estimated using the 
random-effect model, which takes into account the hetero­
geneity among studies by adding a term to the model (35). 
We estimated the summary odds ratio when there were data 
from at least three studies available. The number of studies 
may appear to be different in each stratum, depending on the 
amount of information provided in the published articles. 
A test of heterogeneity was performed for each summary 
estimate. We evaluated publication bias by means of funnel 
plots and Egger’s test (36). 

We conducted influence analysis when there was evidence 
of heterogeneity or publication bias. When the study-specific 
odds ratios appeared to be heterogeneous, we evaluated the 
source of heterogeneity by Galbraith plot and by comparing 
the Q values. Studies contributing the most heterogeneity 
were excluded until the heterogeneity was reduced to a non­
significant level. When there was evidence of publication 
bias, we excluded the studies that had the largest variance 
(from the right-hand side of the funnel plot) until the publi­
cation bias was reduced to a nonsignificant level. When 
a study was excluded from the calculation of summary odds 
ratios by cancer site, because of either its contribution to 
heterogeneity or publication bias, it was subsequently ex­
cluded from all relevant stratified analyses. All statistical 
analyses were conducted with Stata software, version 8 
(Stata Corporation, College Station, Texas). 

The individual odds ratios from each study for OGG1 
Ser326Cys are shown in Web table 1 (posted on the Jour-
nal’s website (www.aje.oxfordjournals.org)), and the sum­
mary odds ratios are shown in table 4. Combining data from 
all eight studies on lung cancer, the summary odds ratios 
were 1.09 (95 percent confidence interval (CI): 0.86, 1.40) 
for Ser/Cys carriers and 1.37 (95 percent CI: 1.02, 1.82) for 
Cys/Cys carriers (data not shown). However, there was ev­
idence of heterogeneity between individual studies (p < 
0.01 for Ser/Cys). One outlying study was identified as con­
tributing the most heterogeneity (37). After removing this 
study, we still observed an increased risk of lung cancer for 
Cys/Cys carriers, finding an odds ratio of 1.24 (95 percent 
CI: 1.01, 1.53) based on 3,253 cases and 3,371 controls 
(table 4). Combing five studies of upper aerodigestive tract 
cancers, we observed an odds ratio of 1.28 (95 percent CI: 
0.96, 1.69) for Cys/Cys carriers; however, the results of 
Egger’s test suggested the presence of publication bias (p ¼
0.03), with the more imprecise studies reporting a positive 
effect. After exclusion of the study with the largest variance 
(38) and an outlying study (39) (heterogeneity p < 0.01), the 
odds ratio for Cys/Cys was reduced to 1.15 (95 percent CI: 
0.90, 1.46) (table 4). Given the ethnic differences in the 
allele frequency of this sequence variant, we evaluated the 
effect of the 326Cys allele in Asian and Caucasian popula­
tions separately (data not shown). However, we did not ob-

Am J Epidemiol 2005;162:1–18 

serve a difference: The summary odds ratio was 1.16 (95 
percent CI: 0.98, 1.40) for Asian populations and 1.15 (95 
percent CI: 0.90, 1.46) for Caucasian populations. On the 
basis of limited data, we did not observe effect modifica­
tion by smoking. 

Web table 2 shows the individual and summary odds 
ratios for APE1/APEX1 Asp148Glu. On the basis of 1,359 
cases and 1,686 controls, we did not observe an association 
between the 148Glu allele and aerodigestive tract cancer. 
When we analyzed lung cancer separately, the summary 
odds ratio was 0.94 (95 percent CI: 0.77, 1.14; p for hetero­
geneity ¼ 0.56; p for Egger’s test ¼ 0.08). 

Web table 3 shows the odds ratios from individual studies 
for the XRCC1 Arg194Trp, Arg280His, and Arg399Gln 
polymorphisms. Table 5 shows the summary odds ratios 
for the XRCC1 Arg194Trp polymorphism by cancer site, 
tobacco smoking, and age of onset. We did not observe an 
association between the 194Trp allele and the risk of lung or 
upper aerodigestive tract cancers. However, when we com­
bined data from 16 studies on tobacco-related cancers 
(4,895 cases and 5,977 controls), the 194Trp allele was 
associated with a decreased risk of tobacco-related cancers 
(odds ratio (OR)¼ 0.86, 95 percent CI: 0.77, 0.95) (figure 2). 
There were 10 case-control studies on breast cancer and the 
XRCC1 Arg194Trp polymorphism. The study-specific odds 
ratios for the Arg/Trp and Trp/Trp genotypes appeared to be 
heterogeneous (p ¼ 0.04), mainly because of one outlying 
study (40). After removal of this study, the summary odds 
ratio for breast cancer was 0.95 (95 percent CI: 0.78, 1.16; 
p for heterogeneity ¼ 0.20) (table 5). When data were strat­
ified by smoking status for tobacco-related cancers, there 
seemed to be a small protective effect among ever smokers 
(OR ¼ 0.77, 95 percent CI: 0.58, 1.01). Given the ethnic 
difference in the allele frequencies, we also analyzed Asian 
and Caucasian populations separately (data not shown). 
However, the effect was not modified by ethnicity: The 
summary odds ratio for having at least one 194Trp allele 
was 0.90 (95 percent CI: 0.78, 1.03) from nine studies con­
ducted in Asian populations and 0.89 (95 percent CI: 0.80, 
1.00) from 15 studies conducted in Caucasian populations. 

Summary odds ratios for XRCC1 Arg280His are shown in 
table 6. We did not observe an association between the 
280His allele and either lung cancer, upper aerodigestive 
tract cancer, or tobacco-related cancers combined. 

Summary odds ratios for XRCC1 Arg399Gln, stratified by 
cancer site, tobacco smoking, and age of onset, are shown in 
table 7. On the basis of 6,120 lung cancer cases and 6,895 
controls from 13 studies, we did not observe an association 
between the 399Gln allele and lung cancer risk. We identi­
fied eight studies on upper aerodigestive tract cancers. The 
study-specific odds ratios for the Gln/Gln genotype from 
these eight studies appeared to be heterogeneous (p ¼
0.01), mainly because of one outlying study (41). After 
excluding this outlying study, we observed a nonsignificant 
decreased risk of upper aerodigestive tract cancer among 
carriers of the 399Gln allele (OR ¼ 0.88, 95 percent CI: 
0.78, 1.01) (table 7). We identified a total of five studies on 
bladder cancer and the Arg399Gln polymorphism. There 
was evidence of publication bias in the summary odds ratio 
for bladder cancer for carriers of the Arg/Gln genotype 
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TABLE 7. Summary odds ratios for the relation of the x-ray repair cross-complementing group 1 (XRCC1) 
Arg399Gln polymorphism to cancer risk 

Stratifying factor and genotype 
No. of 
studies* 

Odds ratio 
95% confidence 

interval 
Heterogeneity 

p value 
Egger’s test 

p value 

Cancer site or type 

Lung 

Arg/Gln 13 1.01 0.93, 1.09 0.60 0.13 

Gln/Gln 13 1.07 0.93, 1.23 0.33 0.90 

Arg/Gln or Gln/Gln 13 1.02 0.96, 1.10 0.58 0.17 

Upper aerodigestive tracty 

Arg/Gln 7 0.85 0.75, 0.98 0.69 0.84 

Gln/Gln 7 1.00 0.74, 1.35 0.15 0.23 

Arg/Gln or Gln/Gln 7 0.88 0.78, 1.01 0.56 0.69 

Bladderz 

Arg/Gln 4 1.19 0.98, 1.45 0.31 0.10 

Gln/Gln 4 0.85 0.64, 1.13 0.49 0.57 

Arg/Gln or Gln/Gln 4 1.12 0.95, 1.33 0.46 0.26 

Tobacco-related cancers§ 

Arg/Gln 29 1.00 0.94, 1.07 0.28 0.24 

Gln/Gln 29 1.06 0.95, 1.18 0.25 0.48 

Arg/Gln or Gln/Gln 29 1.02 0.96, 1.08 0.38 0.23 

Breast 

Arg/Gln 11 1.06 0.94, 1.20 0.10 0.48 

Gln/Gln 11 1.17 0.98, 1.39 0.25 0.14 

Arg/Gln or Gln/Gln 11 1.07 0.96, 1.20 0.15 0.30 

Skin 

Arg/Gln 3 0.94 0.75, 1.16 0.66 0.20 

Gln/Gln 3 1.04 0.52, 2.05 0.05 0.25 

Arg/Gln or Gln/Gln 3 0.90 0.74, 1.10 1.00 0.67 

Tobacco smoking§,{ 

Never 

Arg/Gln 7 1.09 0.86, 1.40 0.84 0.90 

Gln/Gln 5 1.23 0.70, 2.15 0.09 0.80 

Arg/Gln or Gln/Gln 9 1.06 0.85, 1.31 0.74 0.74 

(Egger’s test: p ¼ 0.04). After exclusion of the study with 
the largest variance (42), the p value from Egger’s test was 
increased to 0.10, and the summary odds ratio was 1.12 (95 
percent CI: 0.95, 1.33) for carriers of the Arg/Gln or Gln/ 
Gln genotype. Combining data from 11 studies on breast 
cancer, we did not observe an association between the pres­
ence of the 399Gln allele and risk of breast cancer; neither 
did we find an association between the 399Gln allele and 
risk of skin cancer from three studies on skin cancer. 

When data were stratified by tobacco smoking for tobacco­
related cancers, the presence of the 399Gln allele seemed to 
be associated with an increased risk of tobacco-related can­
cers among light smokers (OR ¼ 1.20, 95 percent CI: 1.03, 
1.40) (figure 3), whereas it was associated with a decreased 
risk among heavy smokers (OR ¼ 0.81, 95 percent CI: 0.64, 
1.04) (figure 4), with the effect being more prominent 

Table continues 

among carriers of the Gln/Gln genotype (OR ¼ 0.71, 95 
percent CI: 0.51, 0.99) (table 7). The interaction odds ratio 
from case-case analysis was 0.73 (95 percent CI: 0.51, 1.04) 
for the Gln/Gln genotype, which suggests an interaction less 
than multiplicativity between the Gln/Gln genotype and 
heavy tobacco smoking. We did not observe effect modifi­
cation by age of onset. 

DISCUSSION 

We conducted a systematic literature review to evaluate 
the associations between sequence variants in three base 
excision repair genes and cancer risks. We also evaluated 
possible effect modifications by tobacco smoking and age of 
onset. In summary, we found an increased risk of lung can­
cer among subjects carrying the OGG1 Cys/Cys genotype, 
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TABLE 7. Continued 

Stratifying factor and genotype 
No. of 
studies* 

Odds ratio 
95% confidence 

interval 
Heterogeneity 

p value 
Egger’s test 

p value 

Ever 

Arg/Gln 7 1.06 0.95, 1.19 0.34 0.55 

Gln/Gln 7 0.95 0.79, 1.15 0.32 0.06 

Arg/Gln or Gln/Gln 9 1.04 0.94, 1.16 0.30 0.18 

Light# 

Arg/Gln 7 1.27 1.06, 1.51 0.74 0.70 

Gln/Gln 6 1.38 0.99, 1.94 0.35 0.27 

Arg/Gln or Gln/Gln 8 1.20 1.03, 1.40 0.77 0.54 

Heavy# 

Arg/Gln 7 0.85 0.67, 1.09 0.12 0.42 

Gln/Gln 7 0.71 0.51, 0.99 0.26 0.20 

Arg/Gln or Gln/Gln** 7 0.81 0.64, 1.04 0.09 0.32 

Interaction (case-case) 

Arg/Gln 7 0.99 0.79, 1.25 0.76 0.40 

Gln/Gln 5 0.73 0.51, 1.04 0.37 0.12 

Arg/Gln or Gln/Gln 9 0.97 0.79, 1.19 0.73 0.48 

Age of onset (Arg/Gln or Gln/Gln) 

Young#,yy 3 1.15 0.90, 1.45 0.18 0.58 

Old# 4 1.05 0.95, 1.18 0.41 0.89 

* The number of studies may differ in each stratum, depending on the amount of information provided in the 
published articles. 

y The study by Yu et al. (41) (the study contributing the most heterogeneity) was excluded. 
z The study by Matullo et al. (42) (the study with the largest variance) was excluded. 
§ Tobacco-related cancers included cancers of the lung, upper aerodigestive tract, bladder, stomach, liver, and 

pancreas, as well as myeloid leukemia (34). The studies by Yu et al. (41) and Matullo et al. (42) were excluded. 
{ Tobacco-related cancers only. 
# Defined differently in different studies. 
** The study by Duell et al. (30) (the study contributing the most heterogeneity) was further excluded because of 

high heterogeneity (p ¼ 0.01). 
yy The study by Abdel-Rahman et al. (75) (the study contributing the most heterogeneity) was excluded because of 
high heterogeneity (p < 0.01). 

which is consistent with experimental evidence that this iso­
form exhibits decreased base excision repair activity (8, 43). 
Epidemiologic studies on the OGG1 Ser326Cys polymor­
phism were reviewed previously; however, no meta-analysis 
was conducted (9). We also found a protective effect of the 
XRCC1 194Trp allele for tobacco-related cancers, which is 
compatible with the evidence of lower mutagen sensitivity 
for this allele (18). However, the effect of XRCC1 194Trp 
alleles was mainly observed in heterozygotes but not in 
homozygotes; therefore, the results should be treated with 
caution. We did not find an association between cancer risk 
and APE1/APEX1 Asp148Glu or XRCC1 Arg280His. 

We observed modification of the effect of the XRCC1 
399Gln/399Gln genotype by tobacco smoking. Studies 
showed that the 399Gln allele may be associated with higher 
mutagen sensitivity and higher levels of DNA adducts (18, 
21). An increased risk of tobacco-related cancers among 
light smokers who carried the Gln/Gln genotype is consis­
tent with the functional data. Conversely, the mechanistic 
basis of a decreased risk among heavy smokers who carried 

the Gln/Gln genotype remains to be elucidated. Compatible 
with our findings, Matullo et al. (21) reported that Gln/Gln 
carriers had higher DNA adduct levels than Arg/Arg carriers 
among never smokers but lower DNA adduct levels among 
current smokers, though the differences were not statisti­
cally significant. It is possible that the resulting increased 
levels of DNA damage from heavy tobacco smoking might 
give rise to enhanced apoptosis at the time of cell division 
and would be manifested as a reduced risk of exposure­
induced cancer. Such a model has been proposed to explain 
reduced risks of sunburn-related nonmelanoma skin cancer 
in homozygotic carriers of the XRCC1 codon 399 glutamine 
variant (44). Alternatively, tobacco smoking might induce 
DNA repair capacity in response to DNA damage. In sup­
port of this hypothesis, Wang et al. (18) noted a trend to­
wards lower levels of chromosome breaks in healthy heavy 
smokers (>42 pack-years) as compared with never smokers 
following treatment with bleomycin or benzo(a)pyrene diol 
epoxide, though the association with genotype has not been 
examined. Lower levels of 8-oxoguanine in lymphocytes of 
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Odds Ratio (plotted on a log scale) 

FIGURE 3. Odds ratios for the relation between the x-ray repair cross-complementing group 1 (XRCC1) Arg399Gln polymorphism (Arg/Gln and 
Gln/Gln vs. Arg/Arg) and risk of tobacco-related cancer among light smokers. For each study, the odds ratio estimate is plotted with a box; the area 
of each box is inversely proportional to the variance of the estimated effect. Diamond, summary odds ratio; horizontal lines, 95% confidence 
interval. Reference (23)a corresponds to the African-American component in the study by David-Beabes et al. (23); reference (23)b corresponds to 
the Caucasian component. 

smokers as compared with nonsmokers, which could be 
explained by the presence of efficient repair processes for 
the oxidative damage induced by smoking, have also been 
reported in some studies (45, 46). 

There are some limitations inherent in meta-analysis. 
Each study had different eligibility criteria for subjects 
and different sources of controls; this should be taken into 
account when interpreting the summary estimates. For 

David-Beabes et al.,

2001 (23)a


David-Beabes et al.,

2001 (23)b


Park et al., 2002 (85)


Zhou et al., 2003 (88)


Ito et al., 2004 (65)


Hung et al., 2005 (56)


Shen et al., 2003 (90)


Combined 

0.5 1.0 1.5 
Odds Ratio (plotted on a log scale) 

FIGURE 4. Odds ratios for the relation between the x-ray repair cross-complementing group 1 (XRCC1) Arg399Gln polymorphism (Arg/Gln and 
Gln/Gln vs. Arg/Arg) and risk of tobacco-related cancer among heavy smokers. For each study, the odds ratio estimate is plotted with a box; the 
area of each box is inversely proportional to the variance of the estimated effect. Diamond, summary odds ratio; horizontal lines, 95% confidence 
interval. Reference (23)a corresponds to the African-American component in the study by David-Beabes et al. (23); reference (23)b corresponds to 
the Caucasian component. 
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example, the effect of OGG1 Cys/Cys on lung cancer risk 
was predominantly detected in population-based studies: 
When studies were stratified by control source, the lung 
cancer odds ratio for the OGG1 Cys/Cys genotype was 1.78 
(95 percent CI: 1.22, 2.59) using data from population­
based studies and 1.09 (95 percent CI: 0.86, 1.31) using data 
from hospital-based studies. This indicates that the allele 
distribution of the OGG1 polymorphism in the hospital 
control groups might not have been representative of the 
general population. On the other hand, the effects of the 
XRCC1 Arg194Trp polymorphism on tobacco-related can­
cers from population-based studies (OR ¼ 0.88, 95 percent 
CI: 0.76, 1.03) and hospital-based studies (OR ¼ 0.82, 95 
percent CI: 0.71, 0.94) were comparable. The differences 
among studies were estimated by tests of heterogeneity and 
influence analysis, and only the summary estimates without 
significant heterogeneity at the 0.05 level were considered 
valid, although the standard test of heterogeneity generally 
has low statistical power. 

The effect of a single common sequence variant might 
not be detectable in population association studies, and the 
combination of multiple sequence variants in the same gene 
and in genes functioning in the same biochemical pathway 
might be more important in carcinogenesis. A segregation 
analysis of breast cancer in United Kingdom families sug­
gested that the residual family clustering in noncarriers of 
BRCA 1/2 mutations may be explained by a large number 
of low-penetrance sequence variants (47, 48). Likewise, an­
other recent segregation analysis suggested a multigenic 
model for lung cancer susceptibility (49). However, it is 
difficult to assess the effect of the combination of multiple 
sequence variants via meta-analysis. A large-scale inves­
tigation of the multigenic model of cancer through pool­
ing of individual data would be feasible. 

Similarly, although we attempted to evaluate effect mod­
ification by age of onset and tobacco smoking, only a few 
investigators reported such results. In addition, interpre­
tation of the results is limited, since the definition of each 
stratum varied among studies. Moreover, the cancer sites 
shown to be related to tobacco smoking were combined 
(34) to obtain sufficient statistical power for further stratified 
analysis on smoking. However, the magnitudes of the asso­
ciations with smoking vary across these cancer sites, and the 
modification of effects on sequence variants might also dif­
fer. A more appropriate investigation requires the pooling of 
individual data; such a coordinated effort can be achieved 
via collaborative arrangements such as consortia. 

Consortia that may be able to undertake pooled analysis 
have been created for lung cancer (e.g., the International 
Lung Cancer Consortium (ILCCO)) and head and neck can­
cer (e.g., the International Head and Neck Cancer Epidemi­
ology Consortium (INHANCE)). Their aims are to increase 
statistical power to detect low-risk genetic variants and 
gene-environment interactions and to focus on special sub­
groups such as early-onset cases, nonsmokers, or patients 
with tumors of rare histology. Consortia also provide an 
opportunity for researchers in the field to rapidly test the 
repeatability of results, as well as discuss markers that may 
be most relevant for a specific cancer site. With regard to 
genetic association studies, consortia and international col-

Am J Epidemiol 2005;162:1–18 

laborations may be a way to maximize study efficiency and 
overcome the limitations of individual studies. 
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